Genes that are expressed ubiquitously throughout all developmental stages are thought to be necessary for basic biological or cellular functions. Therefore, determining their biological roles is a great challenge. We identified 4034 of these genes in rice after studying the results of Agilent 44K and Affymetrix metaanatomical expression profiles. Among 105 genes that were characterized by loss-of-function analysis, 79 were classified as members of gene families, the majority of which were predominantly expressed. Using T-DNA insertional mutants, we examined 43 genes and found that loss of expression of six genes caused developing seed-or seedling-defective phenotypes. Of these, three are singletons without similar family members and defective phenotypes are expected from mutations. Phylogenomic analyses integrating genome-wide transcriptome data revealed the functional dominance of three ubiquitously expressed family genes. Among them, we investigated the function of Os03g19890, which is involved in ATP generation within the mitochondria during endosperm development. We also created and evaluated functional networks associated with this gene to understand the molecular mechanism. Our study provides a useful strategy for pheonome analysis of ubiquitously expressed genes in rice.
INTRODUCTION
Because they are constitutively expressed in most tissues or organs throughout the plant life cycle, ubiquitously expressed genes are considered necessary for basic biological or cellular functions. They include housekeeping genes such as Actin, Glyceraldehyde 3-phosphate dehydrogenase (GAPDH), and Ubiquitin (Jung et al., 2005; Jain et al., 2006) . These types of genes are also widely used as internal controls for quantitative RT-PCR, microarrays, and Northern analyses . Because they are thought to be essential, it is difficult to study their biological roles. Functional redundancy further restricts those determinations (Jung et al., 2008c) . Therefore, the simplest approach is to examine singletons rather than gene families. The efficacy of this method has been demonstrated with systematic functional analyses of the genes responsible for light responses, e.g., six of 11 singletons have shown phenotypic defects in their T-DNA insertion lines (Jung et al., 2008c) . Other defects have been found in four of nine lines where T-DNA was inserted into a predominant member within a gene family (Jung et al., 2008c) . Those reports indicate that predominant members within a gene family are good targets for loss-of-function analyses.
Microarray is a useful tool for identifying genome-wide transcripts associated with a specific biological event or environmental condition. More than 5000 rice microarray analyses are available from public databases such as the National Center for Biotechnology Information Gene Expression Omnibus (NCBI GEO) and ArrayExpress (Parkinson et al., 2009; Barrett et al., 2011; Jung et al., 2011) . Of these, microarray data from commercial platforms such as Affymetrix and Agilent are valuable sources. We have previously used 1150 Affymetrix and 209 Agilent 44K microarrays for meta-profiling analysis (Cao et al., 2012) . Genevestigator includes 2487 Affymetrix rice array data and several meta-profiling databases applicable to anatomy, developmental stage, stress, and mutations (Zimmermann et al., 2008) . A large collection of human microarray databases related to various tissues, disease states, and cell lines have also been used to identify genes that are consistently expressed . However, no reports of a genome-wide analysis and identification of ubiquitously expressed genes are available for plants.
In this study, we identified 4034 ubiquitously expressed genes. Functional analysis of 43 genes via T-DNA insertional mutagenesis led to the identification of six genes associated with defective phenotypes.
RESULTS

Identification of Ubiquitously Expressed Genes in Rice
To identify ubiquitously expressed genes in rice, we used microarray data from public databases, which included NCBI GEO (http://www.ncbi.nlm.nih.gov/geo/) and ArrayExpress (http:// www.ebi.ac.uk/arrayexpress/) (Parkinson et al., 2009; Barrett et al., 2011) . Anatomical meta-profiling databases are supported by 983 Affymetrix microarray data divided into 15 anatomical organ categories and 209 Agilent 44K microarray data assigned to 11 organ categories (Cao et al., 2012) . From these analyses, we found 4034 loci with intensity values that were greater than A total of 6627 genes showing intensities greater than log 2 10 with less than 0.1 CV were identified from Agilent 44K anatomical meta-profiles and further refined with Affymetrix anatomical metaprofiles. These independent meta-profiles revealed 4034 genes as ubiquitously expressed. In the heatmap, blue indicates a low level of expression based on microarray data; yellow indicates high expression.
log 2 10 and with coefficient of variation (CV) values less than 0.1 (Supplemental Table 1 ). Our overall strategy is presented in Figure 1 .
Verification of Expression Patterns Using RT-PCR and GUS Assays
Using RT-PCR analysis, we examined the ubiquitous expression patterns of 31 genes (Supplemental Figure 1 ). We also monitored the in vivo expression of Os03g01910, Os03g08010, Os06g30750, and Os04g42090 by using promoter trap lines that expressed a fusion protein between the gene product in front of T-DNA insertion and GUS reporter (Figures 2 and 3). We have previously described this technique (Jeon et al., 2000; Jeong et al., 2006) . Os03g01910-encoding RNA polymerase B transcription factor 3 (BTF3) is thought to have a role in the formation ofa stable complex with RNA polymerase II to initiate transcription (Tanaka et al., 2010) . Os03g08010 encoding elongation factor 1a (OsEF1a) has been identified as a ubiquitously expressed gene (Jain et al., 2006) . Our GUS expression analyses also demonstrated their ubiquitous functioning ( Figure 2 ). Whereas Os06g30750 is known to encode reticulon domain-containing protein and Os04g42090 encodes conserved peptide upstream of open reading frame-containing transcript 7 (CPuORF7), annotated functions have been less clear than those for the other two genes. Nevertheless, measurements of GUS activity in our T-DNA tagged lines indicated that those two are ubiquitously expressed in seedling roots and leaves, mature leaves, floral organs, and geminating seeds ( Figure 3 ). RT-PCR analyses of all four genes also supported the belief that they are ubiquitously expressed (Supplemental Figure 1 and Supplemental Table 2 ). Schematic diagrams of T-DNA insertions in the promoter trap lines are presented in Supplemental Figure 2 .
Biological Processes Associated with the Ubiquitously Expressed Genes
To identify their functional roles, we performed Gene Ontology (GO) enrichment analysis with the Rice Oligonucleotide Array Database (ROAD; http://www.ricearray.org/) (Jung et al., 2008b; Cao et al., 2012) . As a result, 4388 GO terms were identified and assigned to 2294 genes. Eleven significant GO terms in the biological process category were selected based on enrichment values of at least two-fold and hypergeometric P values %0.05 (Table 1) . Among those GO terms, genes involved in translation were most abundant, numbering 264 in that category. Three of the enriched terms were related to transport: 107 for intracellular protein transport, 55 for vesiclemediated transport, and 29 for ATP synthesis coupled proton transport. Forty-nine genes were for small GTPase-mediated signal transduction, 72 for protein folding, and 37 for cell redox homeostasis, all of which are involved in stress responses. Other significant functional groups included 38 for nucleosome assembly, 25 for RNA processing, 55 for signal transduction, and 29 for glycolysis. The GO terms enriched in the ubiquitously expressed genes were related to key biological processes, including housekeeping functions (Supplemental Table 3 ). Eight GO terms with less than two-fold enrichment are also listed in Supplemental Table 4 . In addition, 33 genes were found for ubiquitin-dependent protein catabolic processes and 39 for stress responses. We also identified four GO terms that were significantly depressed ( Supplemental Table 4 ), including one for a defense response that might be regulated in a conditiondependent manner. We suggest that the genes listed in the enriched GO terms may comprise a network of metabolic and cellular regulatory pathways that have housekeeping functions in rice.
Survey of Robustness
Information about the paralogous protein family was provided by the Rice Genome Annotation Project (RGAP). There, 68% (2756/ Promoter trap lines 4A-04197 and 5A-00191 were analyzed for reporter gene expression. Seedling root (A, E), mature leaf (B, F), flower/spikelet (C, G), and cross-section of mature leaf (D, H). (A-D) In 4A-04197, Os03g01910-encoding BTF3 was trapped by GUS.
(E-H) In 5A-00191, Os03g08010 encoding OsEF1a was trapped by GUS. an, anther; bu, bulliform cell; ep, leaf tissue epidermis; le, lemma; me, mesophyll cell; ph, phloem cell; xy, xylem cell. 4033) of the ubiquitously expressed genes belong to gene families, while 51.6% (21 998) of all proteins (42 653) could be classified into paralogous protein families (Lin et al., 2008) . This indicated that ubiquitously expressed genes are more likely under strong pressure for robustness. A phylogenomic analysis of paralogous protein family genes could possibly provide more precise information about their functional dominancy or redundancy (Jung et al., 2008a (Jung et al., , 2008c Jin et al., 2013) . Supplemental Table 5 displays information about those protein family members, demonstrating functional redundancy at the gene expression level as well as the sequence level.
Phenotypic Classifications for Functionally Characterizing the Ubiquitously Expressed Genes
The functional roles of 136 ubiquitously expressed genes identified in this investigation have been summarized in the Overview of functionally characterized Genes in Rice Online database (OGRO, http://qtaro.abr.affrc.go.jp/ogro) (Yamamoto et al., 2012) . They are classified into the following categories: 54 genes are related to morphological traits; 49 to physiological traits; 68 to cellular resistance or tolerance; and nine to other traits ( Figure 4 ). In all, 33 were associated with multiple functional categories (Supplemental Table 6 ). Dwarfism (46 genes) is the most abundant morphological trait when those genes are defective. Whereas 17 were associated with culm or leaf development, 10 were involved in the production of roots, shoots, or whole seedlings (Supplemental Table 7 ). Numerous genes were linked to physiological traits, including 17 for edibility; 13 for flowering; 12 for sterility; eight for seed germination, dormancy, or source activity; and one for lethality (Supplemental Table 8 ). With regard to resistance or tolerance traits, we identified 14 genes related to bacterial blight resistance, 18 to blast resistance, 10 to cold or drought tolerance, 17 to salt tolerance, three to lodging tolerance, and one to insect tolerance (Supplemental Table 9 ).
Evaluation of Functional Dominancy for Phenomic Analysis Using Functionally Characterized Ubiquitously Expressed Genes
From the 136 ubiquitously expressed genes that were previously studied, 105 genes were characterized through loss-of-function studies. Among them, 79 belonged to gene families, while the remaining 26 were singletons (Supplemental Tables 6-9). The high frequency of phenotypic alterations among family-member genes was unexpected. Anatomical expression patterns for nine gene families that have two members indicated that five (Os02g57190, Os02g52780, Os02g32350, Os05g01710, and Os03g49990) were more highly expressed in most organs than the other member of each family ( Figure 5A ). In three cases (Os11g32110, Os02g05840, and Os02g50550), expression levels were higher only in certain organs ( Figure 5A ). Mutations in Os11g32110 (auxin response factor 1 [OsARF1]) affected root and shoot lengths (Attia et al., 2009) ; expression of that gene was higher when compared with its counterpart, Os12g29520. Mutations in Os02g05840 (rice leaf inclination2) affected leaf angles through brassinosteroid signaling (Zhao et al., 2010) . Transcript levels for Os02g05840 were higher in most vegetative organs, including leaves and the collar region that controls leaf angle, than Os08g12430. Mutations in Os02g50550 (brittle culm 3 [BC3]) caused a brittle culm phenotype (Hirano et al., 2010) . Transcripts of Os02g50550 were more abundant in the stems and internodes when compared with its counterpart, Os06g13820. Therefore, the functional dominancy of these eight genes is expected from integrated meta-expression data. In the case of Os01g63420 (coronatine insensitive 1), expression was more or less similar to its counterpart, Os05g37690, in almost all organs examined. Mutations of that gene altered resistance to the rice leaf folder (Ye et al., 2012) . Thus, it is likely that only this member is functional during insect attacks.
We also analyzed the roles of ubiquitously expressed family genes with more than three family members using the OGRO database (Supplemental Table 10 ). Of the 79, functional dominancy of 65 was expected through the integrated meta-anatomical expression data in the phylogenic tree context (Supplemental Table 10 ). For example, Os07g30970, which encodes nucleoside diphosphate kinase, was the most dominantly expressed member in a five-gene family ( Figure 5B ). Anti-sense suppression of the gene caused dwarfism (Pan et al., 2000) .
Some ubiquitously expressed family genes with known functions are likely functionally redundant ( Supplemental Table 10 ). Therefore, multiple mutations would be required in more than one gene in order to observe an altered phenotype. For example, transgenic rice plants with RNA interference (RNAi) that downregulates transcripts of both OsSAMS1 and 2 (f1542) showed pleiotropic phenotypes, including dwarfism, reduced fertility, delayed germination, and late flowering (Li et al., 2011) . In this case, both genes were dominantly expressed members in their family (Supplemental Table 10 ).
Functional Identification of Ubiquitously Expressed Genes Using T-DNA Insertional Mutants
The roles of 43 ubiquitously expressed genes were examined with T-DNA insertional mutants Ryu et al., 2004; Jeong et al., 2006) . Of these, 26 were selected from gene families, while 17 were singletons. We observed mutant phenotypes from three lines for family members (3A-16598, 2C-20489, and 1C-12616) and three from singletons (3D-02343, 3A-00521, and 1E-03122) ( Table 2 ). In five of the six lines, no homozygous progeny were produced, suggesting that the mutation caused plants to be either embryo/endosperm defective or gamete defective. The segregating ratios for lines 3A-16598, 2C-20489, 1C-12616, and 3A-00521 were close to 1:2:0 (wild-type [WT]:heterozygote:homozygote), suggesting that they were likely embryo or endosperm defective. Line 3D-02343 showed a segregating ratio of 1:1:0, indicating that the defect occurred in either the male or female gametes. In line 1E-03122, all homozygous seeds were opaque, implying that the mutation led to endosperm-defective plants ( Figure 6A ).
All the mutant phenotypes for the singletons were expected. Those from family genes were probably due to dominant expression of the gene where mutant phenotypes were observed, such as for Os01g55830, Os02g48720, and Os06g13680 (Supplemental Figure 3) . After fertilization, genetic information from the parent plants is first transferred to the male or female gamete, then to the embryo or endosperm. Therefore, due to ubiquitous expression patterns, any defects in the mutants of those genes probably occur during that transfer through male or female gametes, or while the embryo or endosperm is developing.
Functional Analysis of Os03g19890
We further characterized Os03g19890. In addition to line 1E-03122, where T-DNA was inserted into the second exon, line 1C-07910 contained T-DNA that was inserted into the first intron. In both lines, Os03g19890 transcripts were absent, suggesting that both alleles were null mutants ( Figure 6E ). A few germinated opaque seeds of both showed seedling-defective phenotypes ( Figure 6B and 6D). The heterozygotes were normal, indicating that the mutation was recessive. Heterozygous plants of line 1E-03122 produced either opaque or normal seeds ( Figure 6A ). Genotyping of 142 seeds revealed that all 22 opaque seeds were homozygous mutants, while the normal seeds were either WT (50) or heterozygous (70). Although a few germinated homozygous plants showed defects in early seedling development ( Figure 6A and 6B) , most of the homozygous progenies were ungerminated and might have been endosperm defective. To examine the developmental roles of Os03g19890 in the early seedling stage, we observed embryo and endosperm of homozygous and WT seedlings at 2.5 days and 7 days after germination on MSO media through hand-section using a razor (Supplemental Figure 4 ). We found that endosperms of the homozygous seedlings were white, while those of WT seedlings were transparent with a white band around the embryo. An iodine staining assay revealed that endosperms of the homozygous seedlings have defects in utilizing the starches for further growth and development (Supplemental Figure 4 ). Os03g19890 encodes a protein that is highly homologous to NADH dehydrogenase, a mitochondrial complex I subunit ( Figure 6C ). The ATP level was significantly reduced in leaves from mutant plants ( Figure 6F ). Therefore, decrease of ATP production due to mutation of Os03g19890 limits utilization of starches and causes severe defects in endosperm and early seeding development.
Functional Gene Network Associated with Os03g19890
To obtain clues about unknown gene functions, we developed an interaction network among all ubiquitously expressed proteins by using the Rice Interactions Viewer (http://bar.utoronto.ca/ interactions/cgi-bin/rice_interactions_viewer.cgi). We identified 751 interologs associated with Os03g19890 and 64 ubiquitously expressed genes identified from the OGRO database, thereby generating 972 interactions (Supplemental Table 12 ). The network file (.sif) was uploaded to Cytoscape, an open-source software platform for visualizing complex networks and incorporating diverse omics data (Shannon et al., 2003) . We then integrated the gene name, information about expression patterns, and details about traits into this network by using the attribute option in Cytoscape ( Supplemental Table 13 ). Anatomical expression data were integrated per node color; 420 of 751 genes showed a ubiquitous pattern (green nodes in Figure 7 ). Thus, this network was refined with ubiquitously expressed genes, which provided more probable functional linkages for ubiquitous gene function (Supplemental Figure 5 and Supplemental Table 13 ).
To explain the molecular mechanism associated with Os03g19890, we first focused on 16 interactors of Os03g19890 predicted from rice interaction viewers: NADH dehydrogenase flavoprotein (Os05g43360), fiber protein Fb14 (Os08g44250), 2Fe-2S iron-sulfur cluster (Os03g50540), 4Fe-4S binding domain (Os03g56300), NADH dehydrogenase iron-sulfur protein 4 (Os07g39710), bacterial transferase hexapeptide domain (Os12g07220), LYR motif (Os07g44650), NADH-ubiquinone oxidoreductase (Os07g45090), NADH dehydrogenase 1 a subcomplex (Os10g42840), FAD-binding arabino-lactone oxidase (Os11g04740), ubiquinone oxidoreductase (Os05g45730), and five expressed proteins ( Figure 7B ). Of these, the NADH dehydrogenase flavoprotein also had the potential to interact with mitochondrial heat shock protein 70 (mtHsp70; Os02g53420). This possibility was supported by the fact that the yeast mitochondrial dehydrogenase complex also contains mitochondrial heat shock protein (Grandier-Vazeille et al., 2001) . A supramolecular structure exhibiting NADH dehydrogenase activity in yeast was also evidence of an association between Os03g19890 and other dehydrogenases/ oxidases/oxidoreductases (Grandier-Vazeille et al., 2001) . Because of its capacity to interact with many proteins, we proposed that mtHSP70 serves as a hub molecule for diverse functional linkages between Os03g19890 and other ubiquitously expressed genes. Therefore, we added mtHSP70 and its four interactors in the focused network for Os03g19890 ( Figure 7B ). We then analyzed the expression patterns of genes encoding 21 interactors in the os03g19890 mutant and the WT. As a result, we found that two genes encoding NADH dehydrogenase flavoprotein and ubiquinone oxidoreductase were downregulated, while four genes encoding NADHubiquinone oxidoreductase, 2Fe-2S iron-sulfur cluster, mtHSP70, and enolase were upregulated in the mutant (Supplemental Figure 6 ). This result indicated that the defect in Os03g19890 altered electron transfer by repressing the expression of genes encoding subunits of electron transport chain complex I and the change might be temporally compensated by stimulating other subunits of electron transport chain complex I. Moreover, it is possible that decreased NADH dehydrogenase flavoprotein was being recognized and processed through its interaction with mtHSP70 and enolase ( Figure 7B ).
In this network, we added 17 genes associated with dwarfism (red node border in Figure 7) , which is similar to the phenotype caused by the mutation in Os03g19890, and they were indirectly linked to Os03g19890 (dotted lines in Figure 7 ). Of these, 16 were ubiquitously expressed genes and the rest (OsRCA1) were not. To verify the functional association of Os03g19890 with the 17 ubiquitously expressed genes associated with dwarfism, we analyzed their expression patterns in Os03g19890 mutants and the WT. As a result, six were downregulated in the mutants (Figure 7 and Supplemental Figure 6 ). They included Dwarf1 (D1, Os05g26890) , encoding the G-protein a subunit; OsTPC1 (Os01g48680), encoding two pore calcium channel protein 1; Slender rice1 (SLR1, In all, 136 ubiquitously expressed rice genes were functionally characterized according to major categories of traits, such as morphological, physiological, and resistance or tolerance. The x axis indicates the category and the details of each phenotype; the y axis presents the number of genes associated with the individual categories. Values in parentheses are numbers of non-redundant genes.
Os03g49990), encoding a GRAS family transcription factor (TF); RuBisCO activase A1 (OsRCA1, Os11g47970), encoding AAAtype ATPase; GA-insensitive dwarf 1 (GID1, Os05g33730) , encoding a gibberellin receptor; and HDA704 (Os07g06980), encoding histone deacetylase. Because the d1 mutant is gibberellin insensitive, D1 is thought to be involved in gibberellin signal transduction (Ashikari et al., 1999) . The soluble receptor GID1 mediates GA signaling through binding to SLR1; a mutation of the former causes a GA-insensitive, dwarf phenotype (Ueguchi- Tanaka et al., 2005) . Therefore, the GA signaling pathway is a potential clue that explains the molecular mechanism of dwarfism observed in os03g19890 mutants.
HDA704 is involved in transcription repression by causing the hypoacetylation of histones; its mutation is associated with alterations in plant height and flag leaf morphology (Hu et al., 2009 ). Downregulation of HDA704 in the os03g19890 mutant suggested that ATP production in the mitochondria might be important for epigenetic regulation. Decrease in DNA Methylation 1a (OsDDM1a) was upregulated in the os03g19890 mutant. OsDDM1a, i.e. Os09g27060, encodes an SNF2 family N-terminal domain-containing protein that is an essential epigenetic regulator for maintaining cytosine methylation in the genomic DNA of plants (Higo et al., 2012) . Upregulation of OsDDM1a and downregulation of HDA704 in the os03g19890 mutant might function together in transcriptional activation. However, the identification of their target genes involved in transcription requires further study and the functional relationship of OsTPC1 and OsRCA1 with Os03g19890 also remains to be elucidated.
DISCUSSION GO Enrichment Reveals Essential Biological Processes Coupled with Ubiquitously Expressed Genes
In this study, we identified 4034 ubiquitously expressed genes through meta-profiling analysis of a public database that retains a large collection of rice microarray data. A GO enrichment analysis can be effective in identifying key biological processes that are associated with specific genes based on various highthroughput analyses (Beissbarth and Speed, 2004; Cao et al., 2012). Using this enrichment analysis, we found that nucleosome assembly, RNA processing, and translation were strongly associated with ubiquitously expressed genes, indicating that such processes are the central components of molecular biology and constitute the basic means for survival by rice plants (Figure 4 ). Four genes related to GO translation terms were functionally identified: CDE1 encoding glutamyl-tRNA synthetase is involved in controlling chlorophyll content ; S28 encoding ribosomal protein L27 affects hybrid sterility between Oryza sativa and Oryza glaberrima (Balan et al., 2006) ; OsSWAP70B encoding pleckstrin homology domain-containing protein, a chitin elicitor-induced defense response (Yamaguchi et al., 2012) ; and OsLSD1 encoding a zinc finger domain-containing protein contributes to Magnaporthe grisea resistance (Wang et al., 2005) . The GO term for RNA processing identified an Xa5-encoding transcription initiation factor IIA g chain, which helps confer resistance to Xanthomonas oryzae pv. Oryzae (Xoo) (Jiang et al., 2006) . These findings indicated that ubiquitously expressed genes related to translation and RNA processing are important for plant development, stress responses, and ultimate survival.
The GO terms for protein amino acid phosphorylation and transcription regulation were closely associated and were basic elements of signaling transduction pathways. The former group included two precursors for brassinosteroid insensitive 1-associated receptor kinase 1 (OsBAK1), three calcium/ calmodulin-dependent protein kinases (CAMKs), five mitogenactivated protein kinases (MAPKs)/MAPKK, one casein kinase, and three putative protein kinases. Almost all of those genes have roles in stress tolerance or defense responses. The exceptions were OsBAK1, SNRK1a, and EL1, which are involved in internode elongation, seed germination, and flowering time and gibberellin sensitivity, respectively (Lu et al., 2007; Li et al., 2009; Dai and Xue, 2010) . Specifically, the MAPKs and MAPKKs are related to diverse stress responses: OsGSK1 is involved in tolerances to cold, drought, salinity, and heat ; OsMPK6 helps confer resistance to Xoo (Yuan et al., 2007) ; OsMKK6 affects cold tolerance ; OsMAPK33 influences tolerance to salinity (Lee et al., 2011) ; and OsMAPK6 is involved in regulating stress-responsive genes (Kim et al., 2012) .
The GO term associated with transcription regulation included TFs associated with hormone responses, homeoboxes, phytochromes A, B, and C, MYB, WRKY, and bHLH, which were previously characterized. Those three phytochromes are involved in regulating flowering time (Takano et al., 2005; Kiyota et al., 2012) , while the other TFs function primarily in developmental processes or stress responses. For example, OsARF1 regulates root and shoot lengths (Attia et al., 2009) ; rice indoleacetic acid1 (OsIAA1) controls leaf angle and root lengths (Song et al., 2009) ; SLR1 modulates cell division and expansion (Ueguchi-Tanaka et al., 2007) ; homeodomain transcription factor 1a (HOX1a) regulates elongation of the uppermost internode (Wen et al., 2011) ; an OsHOX4 mutation causes dwarfism (Dai et al., 2008) ; outcurved leaf1 (OUL1) regulates leaf rolling (Zou et al., 2011) ; OsWRKY78 controls cell elongation ; rice histone associated protein 3A (OsHAP3A) and OsHAP3B influence chloroplast development (Miyoshi et al., 2003) ; rice P-deficiency responsive transcription factor 1 (OsPTF1) and
OsPHR2 are associated with phosphate starvation Zhou et al., 2008; Wu and Xu, 2010) ; and iron deficiencyresponsive cis-acting element 2 (IDEF2) affects Fe homeostasis (Ogo et al., 2008) . We found it is interesting that kinases identified from ubiquitously expressed genes were more likely to be coupled with stress responses but the TFs were primarily related to plant development. In our analysis, it was difficult to determine close linkages between two GO terms, which suggested that kinases that are ubiquitously expressed and upstream of a signaling cascade might regulate diverse downstream elements with specialized expression patterns. Global Analysis of Ubiquitously Expressed Genes
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involved in Xoo resistance with a pathogen-dependent expression pattern (Yuan et al., 2007) .
Gene Redundancy Significantly Limits Functional Identifications Using a Loss-of-Function Study
When loss-of-function approach is used for study, gene redundancy generally limits one's ability to determine genetic roles. We previously evaluated the functional redundancy of 37 lightresponsive rice genes through a systematic phenotype analysis. There, mutations in both singletons and family members with predominant expression in response to light were associated with higher rates of defective phenotypes than what were revealed when a non-targeted screening method was used (Jung et al., 2008c) . In the present work, we used a loss-of-function approach to evaluate 26 dominant singletons and 79 ubiquitously expressed family genes with known functions. Because it was apparent that the former types have crucial roles during plant development, we could also conclude that the 1228 ubiquitously expressed singletons in Supplemental Table 5 are good candidates for further functional study. Based on our mutant analyses of three such singletons (Table 2) , we believe they have essential functions during early seedling growth or the development of embryos and endosperm.
Based on their mutant phenotypes manifested in our analysis as well as the 62 family genes reported previously, we conclude that predominant family genes can be reliably predicted by phylogenomic analysis that combines meta-anatomical expression profiles and phylogenic tree contexts (Figure 4 and Supplemental  Table 10 ). In the case of ubiquitously expressed family members, we identified 674 dominantly expressed family genes and 2018 family genes with redundant expression patterns in the rice genome. However, further evaluation of them, possibly as suitable targets for loss-of-function studies, is needed. Resources, such as RGAP annotation, Greenphyl (http:// www.greenphyl.org/cgi-bin/index.cgi), and Phytozome (www. phytozome.net/) provide gene family information for various plant species, including rice (Rouard et al., 2011; Goodstein et al., 2012) . Knockdown analyses of histone associated protein (OsHAP) and SAMS genes encoding S-adenosyl-l-methionine synthetases in rice ( Supplemental Table 11 ) have revealed defective phenotypes associated with the silencing of multiple family genes (Miyoshi et al., 2003; Li et al., 2011) . Therefore, it would be beneficial to conduct multiple target-silencing analysis using RNAi or artificial microRNA for family genes with functional redundancy (Miki et al., 2005; Jung et al., 2008a; Wang et al., 2010) . Alternatively, gain-of-function analyses could be performed.
GUS Assays Combining Transcriptome Analyses and a Promoter Trap System Accelerate the Identification of New Reference Gene Promoters
By combining meta-expression data and a promoter trap system, we were able to identify four promoters that control constitutive expression. We also observed phenotypic variations in mutated lines for four genes but did not identify a clear defective phenotype in any developmental context. This might have been due to functional redundancy, because all of those genes belonged to a family. Even although we did not determine gene functions via mutant analyses, we were still able to observe the patterns of GUS activity associated with those promoters and, thus, indirectly predict functions. OsEF1a is a housekeeping gene (Jain et al., 2006) ; GUS and RT-PCR analyses indicated that, as expected, its expression was constitutive. This was also confirmed for the other promoters based on meta-expression profiles, GUS assays, and RT-PCR analyses, which suggested their possible use as novel reference genes for quantitative expression analysis in rice. That strategy could also be applied for identifying novel promoter(s) with expression patterns of interest.
Gene-Indexed Mutants Are Key Elements for Phenomic Analysis of Ubiquitously Expressed Genes
Our systematic functional analysis revealed that six of 43 genes were seedling defective or embryo and endosperm defective. None had previously been characterized in rice. Highthroughput phenomic analysis of a number of target genes with unique features might be an effective way to discover novel gene functions. However, the percentage of mutant phenotypes was lower than expected, i.e., 13.6%. One reason for this is that we chose to conduct mutant analysis with defective phenotypes in gene transfer process through male and female gamete, seed development, and early seedling development, for which their robustness was much stronger when compared with others that have defects that are manifested by only partial phenotypes. Another explanation is that functional redundancy occurs at the systems level. Therefore, additional network analysis would provide possible routes or clues for ways to understand or overcome these presumed redundancies.
Determining the biological roles of ubiquitously expressed genes is a great challenge because their defects mostly cause lethal phenotypes. This study provides the first global collection of rice genes showing ubiquitous expression. GO analysis was used to classify ubiquitously expressed genes and emphasize the biological processes overrepresented in this group of genes. Systematic analysis of phenotypes for ubiquitously expressed genes with known functions evaluates the significance of our candidate genes in various developmental processes and stress responses. Phylogenomic analyses applied to 79 ubiquitously expressed family genes with known functions effectively revealed a dominant member in each family. Additional functional studies for 43 genes with unknown function identified that defects in ubiquitously expressed family genes with dominant expression and singletons can be identified by embryo/endosperm, gamete, or seedling lethality. A functional gene network mediated by a newly identified gene, Os03g19890, can be used to quickly establish a related molecular model. Our study provides the overall information about ubiquitously expressed genes for systematic understanding and suggests a useful strategy for further functional studies.
METHODS
Microarray Data Analysis and Identification of Ubiquitously Expressed Genes
We utilized 209 Agilent 44K microarray data and 983 Affymetrix array data to identify ubiquitously expressed genes in rice. First, we used the median signal intensities of Cy3 in the Agilent sets (GSE21494) at log 2 median intensities and then adjusted those intensities by the quantile normalization method (Bolstad et al., 2003) . We then determined statistics for the mean, standard deviation, and CV of probes in that array platform. For further examination, probes that showed a log 2 intensity >10 and CV <0.1 were selected as ubiquitously expressed genes. The Affymetrix array data were analyzed with an Affy package encoded by R language to normalize the signal intensity, which was then transformed to log 2 values. Ubiquitously expressed genes were found by applying the same methods as used with the Agilent data. The entire list of data investigated here is available at http://www.ricearray.org/expression/ experiment_search.php. Information about these genes is presented in Supplemental Table 1 .
GO Enrichment Analysis
The GO terms and rice gene assignments were downloaded from ROAD. A hypergeometric distribution was used to calculate P values for the GO enrichment analysis installed in ROAD (http://www.ricearray.org/ analysis/go_enrichment.shtml) (Cao et al., 2012) . We uploaded 4034 gene Locus IDs in the GO enrichment analysis toolbox and specified the biological process category, which allowed us to identify 4388 GO terms assigned to 2294 genes. Table 1 presents the expected and observed numbers that corresponded to each term. The expected number was calculated by multiplying the number of occurrences of a GO term in the entire genome by the percentage of queried genes in the genome. We also obtained fold enrichment values based on the ratio of the observed number to the expected number. Significant GO terms in the biological process category were recorded if they showed an enrichment value of at least two-fold and a hypergeometric P value % 0.05. In all, 11 terms were identified within that functional category (Supplemental Table 3 ).
Plant Materials
Phenotypic analysis was conducted for 44 lines. They included 1E-03122 and 1C-07910, which have T-DNA insertions in Os03g19890. For GUS assays, another four lines (4A-04197, 5A-00191, 2D-00098, and 3A-05916) were identified from T-DNA-tagging lines generated from Oryza sativa L. ssp. japonica of either CV (Dongjin or Hwayoung) (Jeon et al., 2000; Jeong et al., 2002; Ryu et al., 2004) . Seeds were germinated on a halfstrength Murashige and Skoog (MS) medium. Ten-day-old plants were (A) Functional network of genes, including Os03g19890. The network retained 972 interactions among 751 proteins. The 65 previously characterized genes are marked with larger node labels and 17 genes associated with dwarfism are indicated with red node borders. Functional network predictions for seedling development mediated by Os03g19890 are marked with red edges.
(B) Hypothetical model. Network elements associated with Os03g19890 were refined by focusing on seven dwarfism-associated genes. Previously identified ubiquitously expressed genes were given network names; other genes are shown with RGAP Locus IDs. Expression patterns for seven of 17 genes associated with dwarfism (phenotype linkage), four of 16 genes encoding interactors (interolog linkage) with Os03g19890, and genes encoding (legend continued on next page) transferred to soil and grown in a greenhouse. Ungerminated seeds and seedlings with severe defects were also genotyped.
Measurements of ATP Concentrations
We determined the ATP concentrations in leaf tissue from 22-day-old seedlings grown on half-strength MS medium under darkness at 28 C. Samples were ground under liquid nitrogen and suspended in 15% trichloroacetic acid (Sigma, St. Louis, MO) and a 4 mM EDTA solution (Sigma). After centrifuging, the supernatant was used for the assays. Concentrations were obtained using an ATP Bioluminescent Assay Kit (Sigma) based on the protocol in the user's guide. Luciferase activity was measured with a LUMAT LB9507 Luminometer (BERTHOLD, Bad Wildbad, Germany).
Genotyping Analysis and Screening of Mutants
We selected T-DNA insertional mutants of top candidate genes based on the intensity of expression from a gene-indexed mutant population maintained at our institute. In all, mutants for 43 genes were examined. The PCR reactions for screening T-DNA insertional lines either with seedling defect or without homozygous progenies were performed in 50 ml of a mixture containing 20 ng of plant DNA or 2 ng of cDNA, 103 ExTaq buffer, 0.2 mM dNTP, 0.5 units of ExTaq polymerase, and 1 mM of each primer. The protocol included 35 cycles of 94 C for 60 s, 60 C for 60 s, and 72 C for 90 s. Genotyping involved gene-specific forward primers (P1) located in the chromosomal region in front of the right border of T-DNA, and 5 0 -CATCACTTCCTGATTATTGACC-3 0 (P3), 316 bp downstream from the ATG start codon of GUS. Gene-specific reverse primers (P2) were located in the chromosomal region behind the T-DNA left border.
We used P1 and P3 as primers to detect the fusion band between ubiquitously expressed genes and the T-DNA. The pairing of P1 and P2 was used for determining homozygous, heterozygous, and WT progenies. All primers are listed in Supplemental Table 14 .
Determination of Seedling Defect or Developing Seed Defect
We germinated at least 20 seeds in the T1 generation and at least 50 in T2 to check for defect at the seedling stage or during seed development in 43 T-DNA insertional lines. The lines were then genotyped with two sets of primers. Lines that did not produce homozygous progenies in the T1 and T2 generations are summarized in Table 2 . That table also includes data from the genotyping analysis of ungerminated seeds. None of those ungerminated seeds was homozygous except from lines that had T-DNA insertions in Os03g19890.
RT-PCR Analysis
Total RNA was extracted from whole seedlings using RNAiso (TAKARA, Shiga, Japan) for RT-PCR analysis of the WT and the os03g19890-1 mutant. The first strand of cDNA was synthesized with MMLV Reverse Transcriptase (Promega, WI) and oligo(dT)15 primer. RT-PCR was performed with Os03g19890_RT-F (5-GGACGAGCTCAAGCTCATC-3) and
Os03g19890_GT-R; OsActin1 was used to normalize the cDNA quantity. We harvested the leaves and roots from 7-day-old seedlings, as well as young panicles (<1.5 cm), flag leaves, and anthers, plus developing seeds at 6 days after pollination to evaluate the patterns of four ubiquitously expressed genes that showed GUS activity. We then extracted RNAs and cDNAs for RT-PCR. In addition, we analyzed the expression patterns of 17 genes associated with dwarfism and 16 genes that encode interactors with Os03g19890. Real-time RT-PCR was performed on the background of os03g19890 mutants compared with the WT segregant. All primers are presented in Supplemental Tables 2 and 15 . The internal controls were Ubiquitin 1 (OsUbi1) and OsUbi5 from rice.
GUS Assays
GUS stains were created for 7-day-old whole seedlings, plus mature leaves, flowers, developing seeds, and germinating seeds from four lines that showed T-DNA insertions and co-segregation of GUS expression. These steps were performed according to the method of Jefferson et al. (1987) . Images of the whole seedlings, leaves, flowers, and seeds were captured with an EOS 560 digital camera (Cannon, Tokyo, Japan), while those of hand-sectioned roots and leaves showing GUS activity were captured with an Olympus microscope BX61 (Olympus, Tokyo, Japan).
Network Analysis
The Rice Interactions Viewer queries a database of 37 472 predicted and 430 confirmed proteins. This tool can be used to guide predicted network interactions and connect these interactions with rice gene(s) in the query. We evaluated the 137 ubiquitously expressed genes that had been characterized and identified. After the network file (.sif extension) was downloaded from the Viewer website, it was uploaded to Cytoscape. We identified 972 interactions associated with 751 interologs that included 65 ubiquitously expressed genes (functioning as housekeeping genes). The anatomical expression patterns of 751 genes were integrated to determine more probable gene interactions in that network. This integration was performed after a k-means clustering analysis that grouped the genes into appropriate nodes: green for housekeeping genes; dark blue, japonica-preferred expression; pale blue, leaf-preferred expression; pale gray, root-preferred expression; pink, young panicle-preferred expression; red, anther-or endosperm-preferred expression; and pale pink, genes with other features. Functional characteristics were labeled with a larger font size, while genes associated with dwarfism were indicated by nodes with thick red borders. Data used for network analysis are shown in Figure 7 as well as in Supplemental Tables 12 and 13 .
SUPPLEMENTAL INFORMATION
Supplemental Information is available at Molecular Plant Online.
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